The recent discoveries of high-energy astrophysical neutrinos and gravitational waves have opened new windows of exploration to the Universe. Combining neutrino observations with measurements of electromagnetic radiation and cosmic rays promises to unveil the sources responsible for the neutrino emission and to help solve long-standing problems in astrophysics such as the origin of cosmic rays. Neutrino observations may also help localize gravitational-wave sources, and enable the study of their astrophysical progenitors. In this work we review the current status and future plans for multi-messenger searches of neutrino sources.
Introduction
The continuing study of the high-energy sky has revealed a large number of powerful astrophysical objects capable of emitting radiation across the entire electromagnetic spectrum. The high magnetic fields and strong astrophysical shocks observed in some of these objects are expected to be responsible for the acceleration of cosmic rays up to the highest observable energies, in the 10 20 eV range. As they are being accelerated, or during their propagation, cosmic rays can interact with ambient material or radiation fields, leading to the production of high-energy neutrinos and gamma rays through the decay of charged and neutral mesons [1, 2] . Fast transient sources which are potential cosmic-ray accelerators, such as gamma-ray bursts (GRBs), may also emit gravitational waves due to bulk motion of matter in the source progenitor.
A complete understanding of the most energetic phenomena in the Universe therefore calls for a joint study of the different "cosmic messengers" they emit: cosmic rays, neutrinos, photons, and gravitational waves. Multi-messenger astronomy is an emerging subfield of high-energy astrophysics that aims at combining observations from instruments sensitive to these different messenger particles. This approach may solve the long-standing mystery of the sources of cosmic rays, further our understanding of particle acceleration in astrophysical shocks, increase the sensitivity of searches for gravitational-wave emitters, and potentially unveil new types of sources through the detection of spatial and temporal correlations between two or more messenger channels.
A major result for the field has been the detection of an astrophysical flux of neutrinos by the IceCube observatory at the level of E 2 ν J ν (E ν ) ∼ 10 −8 GeV cm −2 s −1 sr −1 per neutrino flavor in the energy range between a few tens of TeV and a few PeV [3] . While no point sources have been detected so far, the flux upper limits set by IceCube and ANTARES searches [4] are at the level of 1-10% of the all-sky astrophysical flux, hinting at a large population of neutrino sources. No significant correlation has been found with the Galactic Plane, which tends to favor an extragalactic origin of the astrophysical neutrinos, with a potential sub-dominant contribution from galactic sources.
The search for neutrino sources should benefit from the boost in sensitivity provided by the multi-messenger approach. Over the last few years, data from a large network of astrophysical observatories around the world (shown in Fig. 1 ) has been used to study correlations between neutrino events and other messenger signals. As more facilities go online in coming years, a drastic increase in the sensitivity of these searches is expected, which may finally reveal these elusive sources. In the following sections, we review recent results from multi-messenger searches for high-energy neutrino sources. Searches for electromagnetic counterparts to the neutrino emission are described in Section 2. Section 3 covers results from correlation studies between neutrinos and high-energy cosmic rays. In Section 4 we describe joint searches of neutrino and gravitational-wave emitters. We describe current efforts to build a multi-messenger observatory network to provide rapid communications of high-energy astrophysical events in Section 5. We present con-clusions and an outlook for future studies in Section 6.
Photons
The high-energy hadronic interactions responsible for the creation of the astrophysical neutrinos observed by IceCube should also produce gamma rays through the decay of neutral pions. Lower energy photons may also be detectable for those cases where the source or the propagation medium is opaque to gamma rays. Studies of spatial and temporal correlations between neutrinos and EM radiation rely on searching for neutrino emission from known EM sources where cosmic-ray acceleration is expected, or on performing follow-up EM observations of high-energy neutrino positions that are likely astrophysical in origin. The first approach has been used to set upper limits on the neutrino flux from GRBs, AGNs, SNRs, and galaxy clusters. In the case of GRBs, null neutrino detections have set important constraints on models that postulate these objects as sources of cosmic rays with energies above 10 18 eV (see [5] for a recent update on this work). In the following subsections, we summarize recent EM-ν searches that use the second approach.
While temporal correlations can be explored down to the microsecond level (given the precision in the determination of the neutrino arrival time), the main challenge for spatial correlation studies is presented by the limited angular resolution of neutrino directional reconstructions. In IceCube, the angular resolution of "cascade" events produced by charged-current ν e,τ , or neutral-current interactions of any flavor, is about 15
• at energies above 100 TeV. Charged-current ν µ interactions produce km-long muon "tracks" that can be typically reconstructed to within 1
• . The muon reconstruction capability of IceCube has been validated by the observation of the cosmic-ray shadow of the Moon within 0.2
• of its expected position [6] . Deep-sea neutrino telescopes benefit from the longer scattering length of Cherenkov light in water to reconstruct neutrino events to higher precision. The angular resolution of ANTARES [7] for muon tracks is believed to be better than 0.3
• above 10 TeV and about 4
• for cascade events, while for the future KM3NeT detector [8] the angular resolution for cascades is expected to improve to 2
• [9] . Recent correlation studies have concentrated on searching for EM emission coincident with muon track positions to benefit from the better angular resolution of these events and reduce the probability of accidental correlations.
Gamma-rays
At production, the flux of TeV-PeV astrophysical neutrinos should be associated with a flux of gamma-rays of similar spectral characteristics. Photons in this energy range are attenuated during propagation by pair-producing on background radiation fields, with the extragalactic background light (EBL) dominating at E γ < 10 TeV and the cosmic microwave background (CMB) for E γ > 10 TeV. At PeV energies, the photon attenuation length is below 10 kpc, which restricts correlation studies of PeV photons and neutrinos to our galaxy. Past gamma-ray observations have been used to test the association of the astrophysical neutrinos with the Galactic Plane [10, 11] , the Galactic Halo [12] , and the Fermi "bubbles" [13] . The sensitivity of these tests will be greatly improved by observations from current and future airshower arrays, such as IceTop [14] , HAWC [15] , LHAASO [16] and HiScore [17] .
Neutrino correlations with sources of extragalactic gamma-rays can be investigated at GeV-TeV energies, where absorption is not as severe, if the hadronic gamma emission extends to this energy range. The main instruments in this band are the Fermi Large Area Telescope (LAT) [18] , the H.E.S.S. [19] , MAGIC [20] , and VERITAS [21] ground-based telescopes, and the HAWC array. The sensitivities of current and future gamma-ray telescopes are shown in Fig. 2 Differential sensitivity
Differential 5σ sensitivity of current (solid lines) and future (dashed lines) gamma-ray observatories. The Fermi-LAT [22, 23] sensitivity curve is given for a 10 year exposure at two galactic latitudes (30 • and 90 • ). The Fermi-LAT and HAWC curves are given for quarter-decade energy bins. The VERITAS [24] , MAGIC [25] , H.E.S.S. [26] , and CTA [27] curves are given for 50 hours of observation and 5 energy bins per decade. The HAWC 300 sensitivity [15] , and that of the future HiScore [17] and LHAASO [28] arrays, is given for a five-year exposure. For reference, the shaded grey regions indicate, from the top, 100%, 10%, and 1% levels of the gamma-ray spectrum of the Crab nebula.
The connection between the neutrino flux and extragalactic radiation backgrounds has been explored in recent studies. Simple extrapolations of the astrophysical neutrino flux down to GeV energies lead to an associated photon flux that can account for a significant fraction or even overflow (depending on the assumed neutrino spectral index) the isotropic gamma-ray background (IGRB) measured by Fermi -LAT [29] . However, Fermi source population studies [30] indicate that the IGRB is dominated by unresolved AGNs (typically assumed to be leptonic sources) which results in a lower fraction of the IGRB that could be connected to neutrinos. While significant uncertainties remain on these extrapolations, current measurements are starting to probe the role that proton-proton sources (such as the archetypical star-forming galaxies) play in diffuse gamma-ray backgrounds [31, 32] .
The large field of view and high duty cycle of the LAT provides temporal and spatial gamma-ray coverage for a large fraction of the neutrino events detected by IceCube. Data from the LAT has been analyzed to search for new sources, or flux enhancements in known ones, in coincidence with IceCube neutrino events. No spatially-coincident gamma emission has been found in correlation with muon track events [33] with the exception of a neutrino candidate event near the location of the gamma-ray blazar PKS 0723-008 (see Fig. 3 ), likely due to a chance alignment (p = 37%). It has been recently reported [34] that a 2 PeV cascade event detected by IceCube occurred in relative temporal and spatial coincidence with an extended high-fluence flare of the blazar PKS B1424-418, although also in this case the association does not appear to be statistically significant (p = 5%).
Searches for neutrino gamma-ray counterparts in the very-high-energy range (VHE, E γ > 100 GeV) are underway using the H.E.S.S., MAGIC, and VERI-TAS Imaging Air Cherenkov Telescopes (IACTs) and the HAWC air shower array. For IACTs, these searches are limited to the observation of muon track positions, given the 3.5
• -5
• field-of-view of current generation telescopes. The VERITAS and H.E.S.S. telescopes have observed muon track positions published by ANTARES [35] and IceCube [36, 37] , and null results from these studies have set constraints on the steady VHE gamma-ray flux associated with each neutrino position. Increasing the sensitivity to transient gamma-ray sources requires a system that can issue prompt alerts to VHE instruments if a hint of an increase in neutrino activity is detected. Since 2012, IceCube operates a program that sends triggers to MAGIC and VERI-TAS whenever the number of neutrino events detected over a certain period around a VHE source crosses a predefined significance threshold [20] , so far with no significant gamma-ray detections.
A golden channel for follow-up observations is the sample of high-energy through-going muon events used by IceCube to measure the astrophysical ν µ flux [38] given its good angular resolution and high astrophysical purity. At energies above a few hundred TeV, where the astrophysical neutrino flux dominates the atmospheric background, the IceCube effective area to through-going muon neutrinos is more than ten times larger than for "starting" neutrino events, where the first interaction occurs in the detector volume. The highest energy neutrino detected so far (recently reported by IceCube [39] ) comes from this sample and has an energy of 2.6 ± 0.3 PeV with an atmospheric p-value of < 0.01%. An archival analysis of HAWC data around the time of the event showed no gamma-ray emission at the neutrino location. Current efforts are underway to promptly circulate the positions of high-energy starting and through-going muon neutrino events to partner instruments using the AMON network (see Section 5), which would boost the sensitivity of EM follow-ups to transient neutrino sources. Future searches for Gamma-ray observations of an IceCube muon-track position (event #5 in [3] ). Left: Fermi-LAT test-statistic sky map of gamma rays in the 1-300 GeV range (see [33] ). Right: VERI-TAS significance sky map (see [36] ). The white circle in the Fermi sky map and the dashed circles in the VERITAS map show the < 1.2 • median angular resolution claimed for this neutrino event.
VHE gamma-ray neutrino counterparts will receive a significant boost from the construction of the Cherenkov Telescope Array (CTA) [40] , which will provide an order-of-magnitude improvement in sensitivity with respect to current IACTs (see Fig. 2 ). At MeV energies, proposed missions such as the ComPair satellite [41] can provide a large field-of-view coverage of the sky with an angular resolution in the 1
• to 10 • range.
Multi-wavelength observations
Besides gamma rays, other wavelength bands are being explored to search for transient EM emission associated with neutrino events. Realtime alerts from ANTARES and IceCube are currently sent to a network of optical and X-ray telescopes to search for transient sources such as GRBs and core-collapse supernovae (CCSNe) in correlation with interesting neutrino positions. Since 2008, IceCube operates optical (OFU, [42] ) and X-ray (XFU) follow-up programs in parallel to the gamma-ray follow-up program described in the previous subsection. The rate of false trigger alerts is reduced by requiring that two or more spatially-coincident neutrinos are detected within a certain time window [43] . OFU alerts have been sent to the ROTSE telescope network (which has since stopped operations) and the Palomar Transient Factory (PTF), and have been supplemented by retrospectives searches through the Pan-STARRS1 3π survey data. The XFU program triggers observations in the 0.3-10 keV band using the XRT X-ray instrument onboard the Swift satellite. The number of neutrino "doublets" observed so far by these programs agrees with the rate expected from the atmospheric neutrino background. Although not a statistically significant correlation (2σ), the capability of the OFU program to detect optical transients has been demonstrated by the discovery [44] PTF12csy (Fig. 4) in PTF follow-up observations of a neutrino doublet position.
Results from Swift observations performed as part of the IceCube XFU program are presented in [45] . Seven 1-2 ks exposures are required to cover the ∼ 0.5
• muon error circle with the 0.4
• XRT field-of-view. Given their increased sensitivity, XFU observations performed so far have unveiled more than 100 previously uncatalogued X-ray sources, although none of them appear to be clear counterparts for the neutrino events. These studies would greatly benefit from a deeper all-sky Xray catalog, such as the one to be created by the eRosita [46] mission, which could be compared to new sources detected in triggered observations. The sensitivity to short transients would also be improved by the operation of an all-sky (or large field-of-view) X-ray telescope, which would reduce the hour-scale delay between the neutrino trigger and the start of X-ray observations.
Results from a similar X-ray and optical follow-up program in ANTARES are covered in [47] . The Telescopes-ANTARES Target of Opportunity (TAToO) alert system [48] started operations in 2009, and it has triggered optical observations using the TAROT and ROTSE telescopes, and in X-rays with Swift XRT. Also in this case, no significant optical or X-ray [47] counterparts to the neutrino events have been detected so far. On September 1, 2015, Swift observations triggered by an ANTARES alert revealed a variable, and previously unknown X-ray source in the 18-arcmin error circle of the neutrino event a . While this detection appears to have been caused by a chance alignment with an X-ray source, the strong multiwavelength follow-up campaign triggered by this detection highlights the interest of the astrophysical community in contributing to the discovery of the first neutrino source.
a Coincidentally, the ANTARES trigger position was found in the vicinity of the star Antares (α Sco).
Cosmic rays
Cosmic rays are scattered by galactic (GMF) and intergalactic (IGMF) magnetic fields during propagation, limiting the applicability of spatial correlation studies with neutrino positions to the ultra-high energy cosmic ray range (UHECRs, E CR 10 18 eV). Simulations indicate that 10 20 eV protons are deflected only a few degrees by the galactic magnetic field (GMF) during propagation, although significant uncertainties remain on this figure given our incomplete knowledge of the chemical composition of the UHECR flux and the strength and structure of the GMF and IGMF. If neutrons are present in the cosmic-ray flux, their limited decay range of ∼ 900 kpc at 10 20 eV restricts the reach of neutrino-neutron correlation searches to our immediate galactic vicinity. The range of UHECRs with energies above 10 20 eV is also limited to a few tens of Mpc by the Greisen-Zatsepin-Kuzmin (GZK) energy-loss mechanism.
The two main facilities dedicated to the study of UHECRs are the Pierre Auger Observatory (Auger) [49] in Mendoza, Argentina, and the Telescope Array [50] (TA) in Utah, USA, with instrumented areas of 3000 and 800 km 2 , respectively. No strong evidence for UHECR point sources has been found so far, although a recent analysis [51] of Telescope Array data shows hints of a 20
• "hotspot" in the northern sky at energies above 5.7 × 10
19 eV with a significance of 3.4σ. Possible indications of a dipole anisotropy have been reported in Auger data at the 4σ level [52] .
A neutrino-UHECR connection is favored by the similarity between the astrophysical neutrino flux level measured by IceCube and the Waxman-Bahcall (WB) flux [53] , which represents an upper bound on the neutrino flux from UHECR sources, assuming they accelerate protons that convert most of their energy to pions. However, IceCube data currently favors a softer spectral index [54] than the ∝ E −2 spectrum assumed by the WB model. Extending the energy range of neutrino observations may elucidate the role that UHECRs play in the neutrino spectrum. As neutrinos carry about 5% of the parent cosmic-ray proton energy, the TeV-PeV neutrino sample used for these searches is too low in energy to be directly produced in UHECR interactions, which are expected to be observed at E ν > 10 16 eV. Rather, the TeV-PeV neutrinos, including those associated with the astrophysical flux detected by IceCube, are used as tracers of cosmic-ray acceleration that could be responsible for UHECR emission.
Correlation studies using UHECR data from TA and Auger, and neutrinos events from ANTARES and IceCube, have been conducted in recent years, so far with no statistically significant detection. An ANTARES search [55] used a sample of upgoing candidate neutrino events and Auger UHECR showers with energies above 5.5 × 10 19 eV. No significant correlation was found at several angular scales and an upper limit was derived on the neutrino flux from each UHECR direction. More recently, the IceCube, Auger, and TA collaborations presented results [56] from an analysis that compared UHECR directions to both cascade and muon track neutrino events (Fig. 5) . No significant deviation from the isotropic expectation was found Multi-messenger astronomy 9
using high-energy muon tracks. For cascade events, a post-trial p-value of 5 × 10
was found for a typical angular separation of 22
• from UHECR events. An a posteriori test where the UHECR positions were fixed gives a p-value of 8.5 × 10 −3 . The statistical significance appears to be driven by event pairs in the region of the TA "hotspot" and it will be interesting to follow how the correlation evolves as the data set of both UHECRs and high-energy neutrinos continues to grow over the coming years. Further enhancements to Auger [57] , the planned expansion of TA to almost 2600 km 2 , and the future launch of the JEM-EUSO mission [58] will provide a significant boost to UHECR statistics above 10 20 eV, where GMF deflections are reduced. Joint searches using data from these upgraded instruments and next-generation neutrino telescopes will help explore current hints of an UHECR-neutrino correlation.
Gravitational waves
The recent announcement of the first detection of gravitational waves by LIGO [59] represents a groundbreaking result that opens yet another channel to study the extreme universe in addition to photons, cosmic rays, and neutrinos. It has been proposed that energetic sources such as GRBs, CCSNe, and soft gamma repeaters (SGR) are emitters of neutrinos and gravitational waves (GW). While the neutrinos are produced by particle interactions in the relativistic outflows from these objects, GWs are related to the bulk matter dynamics of the source progenitor. Searches for spatial and temporal correlations between GW and neutrino signals have a higher sensitivity to these type of sources than those performed separately on each channel. A combined study also enables searches for more exotic phenomena such as "choked" GRBs, where the jet is not able to break out from the progenitor and therefore no gamma rays are emitted. Other events that are too faint or obscured to be detected by EM telescopes, or that are missed by the limited sky coverage of these detectors, may also be observed through this approach. Besides providing insights on the GW source progenitor, a coincident GW-neutrino detection can drastically shrink the source confidence region from several hundreds of square degrees (as in the case of the first GW detection) to the sub-square-degree level for neutrinos enabling targeted EM follow-up observations. The status of combined neutrino-GW searches leading to the first GW detection is presented in [60] .
The most sensitive GW observatories currently in operation are km-scale Michelson laser interferometers. The LIGO observatory [61] operates detectors in two locations in the USA: Livingston, Louisiana, and Hanford, Washington. Both detectors were recently upgraded and in September 2015 the observatory started science operations for its "Advanced LIGO" (aLIGO) phase [62] , during which the first GW signals were detected. A LIGO site in India has also been proposed, which would significantly improve the ability of the observatory to locate sources in the sky. In Europe, the Virgo detector (near Cascina, Italy) is currently being upgraded [63] to its "Advanced Virgo" configuration (AdV), while the GEO 600 observatory [64] (near Sarstedt, Germany) is being used as a test-bench for advanced technology concepts. KAGRA [65] , a future observatory in Kamioka, Japan, is currently under construction and the beginning of scientific operations is expected towards the end of the decade.
Previous to the GW discovery, several searches for GW-neutrino spatial and temporal correlations were performed using GW data from LIGO and Virgo, and neutrino events from ANTARES [66] and IceCube [67] , with no significant correlations detected. The first GW event, named GW150914, was detected by LIGO on September 14th, 2015 and was produced by the merger of two ∼ 30 M black holes at a distance of 410 Mpc. Although no neutrino signal is expected in a black hole-black hole merger, a search for coincident neutrino events was performed using data from ANTARES and IceCube. Three neutrino events (all from IceCube) were found in an a priori -defined ±500 s window around the GW detection (Fig. 6) , in good agreement with atmospheric background expectations. Additionally, none of the neutrinos were spatially coincident with the GW uncertainty region and all-sky upper limits were derived on any potential associated neutrino source.
A second LIGO GW event was recently announced [68] , also detected during the first run of the aLIGO configuration, while a second run is expected to start towards the end of 2016. In addition to the continuing operation of aLIGO, the start of operations of AdV, the completion of KAGRA, the possible construction of the LIGO India site and the outstanding performance of the LISA Pathfinder mission [69] promise a bright future for GW astronomy and for correlation studies with neutrinos. Error regions for the GW event GW150914 for 50%, 90%, and 99% containment levels with three IceCube neutrinos detected in a ±500s time window around the GW event [59] .
Transient searches
Most transient searches described so far have been performed on the basis of individual agreements between neutrino observatories and one or more multi-messenger detectors. These studies have been aimed at exploring a particular detection channel or augmenting the sensitivity to certain types of sources. However, as the sources of astrophysical neutrinos remain unknown, a better approach is to combine all available measurements in order to search for temporal and spatial correlations. A realtime detection of an interesting correlation between two or more channels can be used to trigger follow-up observations using pointed instruments. The superior angular and energy resolution of these instruments can increase the significance of a potential transient signal.
The Astrophysical Multimessenger Observatory Network (AMON) b is the current effort to realize this strategy. AMON provides the computational infrastructure to interconnect neutrino and gravitational-wave observatories with EM partners so that transient alerts can be transmitted without delay. A database of past alerts also enables archival coincidence searches of multi-messenger signals.
Observatories are classified as "triggering" or "follow-up" instruments. Triggering instruments, such as IceCube and HAWC, have large fields of view and high duty cycles. These observatories send event information to AMON including the event detection time, its position and uncertainty, an estimate of the false-trigger probability associated with this event, and additional detector-dependent quantities. AMON will forward interesting triggers (such as PeV neutrino event locations) directly to follow-up observatories, while lower-significance "sub-threshold" events will be used by the AMON online analysis to search for realtime coincidences and issue alerts if a correlation is found. The distribution of the alerts is performed using the Gamma-ray Coordinates Network (GCN).
AMON has recently started realtime operations [70] , and analyses of archival data sets made public by different partners have been performed [71] . For EM follow-ups of neutrinos associated with GRBs, a >1000 increase in efficiency is expected from conducting correlation studies between single neutrino events and several EM streams with respect to the current EM follow-up "status quo" that requires significant detections in each channel.
Conclusions and outlook
The high-energy astrophysical neutrino flux revealed by IceCube opens exciting possibilities to explore the extreme universe using multiple cosmic messengers. The impact of this breakthrough result has sparked a large number of observational programs and theoretical studies aimed at unveiling the sources of astrophysical neutrinos using a multi-messenger approach which involves photons, cosmic rays and gravitational waves. An optimal scenario for multi-messenger searches consists of several neutrino telescopes with multi-km 3 effective volumes that are capable of detecting a large number of astrophysical events, reconstructing them with good angular resolution, and broadcasting their positions in near-realtime to partner multi-messenger observatories. Work is currently underway in different fronts to achieve many of these desired goals. Two next-generation neutrino telescopes are in the works: IceCubeGen2 [72] , a 10 km 3 extension to IceCube, and KM3NeT, the first km 3 -scale detector to be built in the northern hemisphere. The joint operation of both detectors will greatly improve our sensitivity to neutrino point-sources, while providing a large high-purity astrophysical neutrino sample to use in follow-up observations. Even for current generation instruments, the sensitivity of counterpart searches can be significantly improved by exploiting the high-energy through-going muons detected by IceCube, which constitute the "golden channel" for multi-messenger searches given their sub-degree angular resolution and high astrophysical probability. Significant improvements in reconstruction techniques over the coming years will boost the angular resolution of cascade events in IceCube from its current value of ∼ 15
• , and it is feasible that KM3NeT will be able to deliver an angular resolution for these events at the level of ∼ 2
• . While the directional uncertainty for cascades prevents most follow-up observations from using pointed instruments given their limited sky coverage, large field of view detectors with high-duty cycles (such as Fermi -LAT and HAWC in gamma rays, Auger and TA in cosmic rays, and the aLIGO and AdV in gravitational waves) can be used to search for temporal and spatial correlations. The sensitivity to counterparts will continue to increase thanks to the construction and operation of next-generation instruments, such as CTA, LHAASO, and HiScore (gamma-rays); JEM-EUSO (cosmic rays); and KAGRA (gravitational waves). The last remaining step is to interconnect this vast observational network. In this sense, the AMON network is currently starting operations and will provide an avenue for the rapid dissemination of neutrino alerts.
In summary, we foresee that over the next few years a greatly-improved global network of multi-messenger observatories will enter regular operations, and we look forward to the revolutionary discovery of the first point sources of astrophysical neutrinos as the crowning achievement for this joint international effort.
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